A new malonamide fluoroionophore possessing two pyrene moieties was synthesized. This bispyrene exhibited the fluorescence of the pyrene monomer (λ em = 395 nm) and intramolecular excimer (λ em = 467 nm) emissions. The designed derivative showed the excellent ion sensing ability to Cu
Findings
In recent years, researches on development of ion sensing with fluorescence emission have attracted considerable attention [1, 2] . The rapid development of cation sensing is derived from the realization of the diverse roles played by cations in biological and chemical systems. For example, Cu 2+ is a significant environmental pollutant and also an essential trace element in biological system [3] . Moreover, Cu 2+ is a well-known paramagnetic ion with an unfilled d orbital and could strongly quench the fluorescence of the fluorophore near it via electron or energy transfer [4] . In most of the reported recognition of Cu 2+ , the binding of Cu 2+ causes quenching of the fluorescence emission [5] [6] [7] [8] [9] . Few reports are available for "off-on"-type fluorescent compounds that can selectively recognize Cu 2+ [10] [11] [12] [13] [14] . However, the "off-on-off"-type sensing for Cu 2+ has not been reported yet. The "off-on-off"-type sensing should be suitable for the simplified measurement, because the ion concentration could be roughly estimated. Most of the fluoroionophore for cation recognition are composed of a cation recognition site with a fluorescent moiety [15] . Pyrene is one of the most useful fluorescent units due to their relatively efficient excimer formation and emission properties [16] [17] [18] [19] [20] [21] . Fluorescent molecules with more than one pyrene moiety exhibit not only pyrene monomer emission but also intramolecular excimer emission because of strong π-π interaction between two pyrene moieties [22, 23] . If both the emission signals are utilized for sensing, it would lead to the development of a novel sensing method. We herein report dual off/on fluorescence for Cu 2+ ion sensing, in which both monomer and excimer emission signals of pyrene units change effectively and cooperatively. Therefore, the use of this dual off/on fluorescence responses could apply to estimate the rough Cu 2+ concentration.
Bispyrene 1 was prepared by the synthetic routes depicted in Figure 1 . Disubstituted malonic acid dichloride was synthesized by the reaction of corresponding disubstituted malonic acids with (COCl) 2 in benzene [24] . Subsequently, the reaction of disubstituted malonic acid dichlorides with 1-pyrenylmethylamine hydrochloride in benzene gave a desired bispyrene 1 in 2% isolated yield. Derivative 2 possessing only one pyrene moiety was also obtained with derivative 1. Bispyrene 3 was prepared by similar method.
Derivatives 1 and 3 have two pyrene moieties as a fluorescent unit. As shown in Figure 2 , bispyrenes 1 and 3 displayed both excimer (λ em = 467 nm) and monomer (λ em = 395 nm) emissions when excited at 344 nm in CH 3 CN/CHCl 3 (9:1, v/v). The excimer emissions were dominant compared with the monomer emissions. Derivative 2 has only one pyrene moiety as a fluorescent unit. Monopyrene 2 exhibited only typical monomer (λ em = 395 nm) emission by exciting at 344 nm in CH 3 CN/CHCl 3 (9:1, v/v Figure 3 increased. Both fluorescence emissions of 1 were quenched by the further addition of Cu 2+ . Thus, the addition of Cu 2+ to 1 gave the "on-off-off" and "off-on-off" fluorescence responses to the excimer and monomer emissions, respectively. The discriminations between "on" and "off" states were determined from the abrupt change of fluorescence intensities in the excimer and monomer emissions, respectively. Bispyrene 1 exhibited two switching points that would be brought by the addition of ca. 3 and 10 equiv of Cu 2+ respectively. The "on-off-off" fluorescence response in the excimer emission and the "off-on-off" fluorescence response in the monomer emission of bispyrene 1 to Cu 2+ could be interpreted as follows. The binding of Cu 2+ to an amide moiety [25] is considered to cleave the intramolecular hydrogen bond resulting a conformational change to abolish intramolecular π-π interaction. Then the fluorescence intensity of the excimer emission decreases while the intensity of the inherent monomer emission increases. Upon the addition of excesses amount of Cu 2+ (over 10 equiv), even the inherent monomer [25] . They illustrated that Cu 2+ is coordinated with two facing amide nitrogen atoms and the two pyrenyl groups in the complex form a static excimer. From above results, the fluorescence mechanism of malonamide-substituted pyrene derivative 1 is thought to be different from their mechanism. These malonamide-substituted bispyrenes 1-3 were found to exhibit the sensing ability to Cu Sodium metal (2.60 g) was added to dry ethyl alcohol (500 mL) at 0°C and stirred for 1.3 h until sodium metal dissolved completely to form sodium ethoxide. Methylmalonic acid diethyl ester (20.7 g) was added dropwise over period of 2 h. The reaction solution was stirred for 15 h. Then 2(-bromomethyl)naphthalene (25.0 g) was added and refluxed for 48 h. After concentration in vacuo for the removal of the solvent, the residue was added by water (70 mL). The solution was extracted with diethyl ether (80 × 3 mL) and the organic layer was washed with water (70 mL). The organic layer was dried over anhydrous magnesium sulfate, filtrated and evaporated under reduced pressure. The purification was performed by distillation under reduced pressure to give 2-methyl-2-naphthalenylmethyl-malonic acid diethyl ester. 3 g ) was added to dry ethyl alcohol (300 mL) at room temperature and stirred for 1 h until sodium hydroxide dissolved completely. The gained 2-methyl-2-naphthalenylmethyl-malonic acid diethyl ester (20.2 g) was added dropwise over period of 2 h. The reaction solution was refluxed for 23 h. After the filtration the pale yellow solid was obtained and washed with dry ethyl alcohol. After filtration, the precipitate was dried under reduced pressure. The obtained solid was dissolved in water (325 mL). Then the solution was became pH 1 by the addition of hydrochloric acid to form the precipitate. After filtration, the precipitate was dissolved in diethyl ether (100 mL) and the filtrate was washed with diethyl ether (100 × 2 mL). These diethyl ether solution was washed with water (100 × 2 mL). The organic layer was dried over anhydrous magnesium sulfate, filtrated and evaporated under reduced pressure. ) and dry pyridine (3.2 mL) were added in dry benzene (90 mL) and stirred for 2 h at room temperature. In a dark room, oxalyl chloride (9.0 mL) was added dropwise and stirred for 22 h. Then the reaction solution was refluxed for 20 h outside a dark room. After concentration in vacuo for the removal of the solvent, the residue was distilled under reduced pressure to give 2-methyl-2-naphthalenylmethyl-malonyl dichloride. Yield 
